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Abstract 


The  paper,  describes  a  test  technique  which  gives  a  quan¬ 
titative  measure  of  the  in-situ  fiber/matrix  bond  strength  in 
composites.  The  test  involves  the  compressive  loading  of  a 
fiber  or  iregion  of  fibers  on  a  polished  specimen  surface  to 
produce  debonding.  Results  are  given  for  the  debonding  load 
for  glass,  aramid  and  graphite/epoxy  composites.  The  change 
in  debonding  load  is  also  followed  as  the  interface  degrades 
during  moisture  conditioning  at  different  points  through  the 
thickness.  Refinements  are  needed  to  simplify  interpretation 
of  the  debonding  force  in  terms  of  interface  shear  strength, 
and  to  make  the  test  more  reproducible. 


Introduction 


The  purpose  of  this  continuing  study  is  to  develop  a  mechanical 

test  for  quantitative  measurement  of  the  fiber/matrix  inter- 

face  strength  in  fiber  composites.  It  is  of  particular  interest  that 

the  test  be  sensitive  to  the  effects  of  moisture  on  the  interface 
strength . 

Tests  to  elucidate  the  quality  of  the  interface 
have  been  used  throughout  the  history  of  fiber 
reinforced  plastics.  These  may  be  divided  into  tests  on  model 
systems  which  do  not  use  the  composite  in  its  usual  condition, 
and  tests  on  the  actual  composites  of  interest.  The  model 
systems  are  limited  because  they  cannot  give  complete  infor¬ 
mation  about  the  condition  of  an  actual  composite.  The  commonly 
used  adhesives  tests  (1)  may  be  viewed  as  model  systems  if  the 
appropriate  adherend,  adhesive,  and  surface  treatment  are  used. 
Models  more  similar  to  composites  have  used  single  fibers  em¬ 
bedded  in  resin  (2,3)  to  obtain  the  interface  shear  or  tensile 
strength.  These  tests  may  also  be  used  with  strands  or 
yarns,  but  they  depend  on  the  matrix  remaining  elastic  until  debon¬ 
ding  occurs,  which  is  not  satisfied  in  all  of  the  materials 
studied  here,  particularly  under  wet  conditions.  Another  test 
which  can  be  used  with  ductile  resins  involves  the 
breakdown  of  the  fiber  into  shorter  lengths  as  a  function  of 
matrix  strain  (4) . 

Macroscopic  strength  tests  provide  data  on  actual  compo¬ 
sites,  but  require  interpretation  to  deduce  even  the  qualita¬ 
tive  state  of  the  interface.  The  failure  of  composites  in  ma¬ 
croscopic  tests  is  a  complex  process,  and  is  not  necessarily 
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caused  by  failure  of  the  interface.  However,  macroscopic  tests 
for  matrix/interface  dominated  properties  such  as  parallel  shear 
(5)  and  transverse  tension  (6)  have  found  utility  in  providing 
quantitative  data  for  relative  changes  in  the  interface  strength. 
In  this  study,  it  was  observed  that  these  properties  often  re¬ 
flect  the  pre-existence  or  development  during  loading  of  dis¬ 
crete  cracking  regions.  Although  the  resistance  to  such  discrete 
cracks  may  reflect  the  interface  strength,  their  presence  tends 
to  dominate  the  mechanical  properties  after  their  formation, 
preventing  any  sensitivity  of  the  test  to  the  great  majority 
of  interfaces  which  are  still  intact.  Indeed,  efforts  in  this 
study  to  find  a  macroscopic  mechanical  test  in  which  most  of 
the  fibers  could  be  made  to  debond  in  glass/epoxy  materials  were 
unsuccessful.  Fracture  surfaces  from  macroscopic  tests  may  give 
information  about  the  interface  strength  as  related  to  the 
debonded  fiber  length  (7)  .  This  infoirmation  is  also  difficult 
to  interpret,  since  it  may  depend  on  the  local  fiber  strength 
and  flaw  distribution,  matrix  ductility,  mode  of  crack  propaga¬ 
tion,  etc. 

The  foregoing  demonstrates  a  need  for  an  interface  test 
which;  1)  can  be  run  on  a  typical  fiber  composite,  2)  clearly 
measures  the  failure  point  of  the  interface,  and  3)  can  be  ap¬ 
plied  to  selective  regions  remote  from  cracks  and  voids. 

It  is  desirable  to  determine  the  actual  strength  of  the 
interface,  rather  than  some  parameter  such  as  the  average  stress 
in  the  composite  to  cause  interfaces  to  fail.  The  microdebonding 
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test  described  here  appears  to  satisfy  most  of  these  require¬ 
ments  if  it  can  be  made  to  give  reproducible  results,  and  if 
the  stresses  can  be  analyzed  with  sufficient  accuracy.  This  pa¬ 
per  provides  an  indication  of  the  feasibility  and  potential 
of  such  a  test  method,  but  further  development 
and  experience  are  required  before  it  can  be  proposed  as  a  prac¬ 
tical  and  reliable  way  to  determine  the  interface  strength. 

EXPERIMENTAL  METHODS 

The  microdebonding,  test  is  illustrated  in  the  schematics 
of  Figure  1.  The  following  are  the  characteristics  of  the 
test  as  it  has  been  applied  in this  study: 

1.  A  metallographically  polished  surface  of  the 
material  is  prepared,  with  the  fibers  normal  to 
the  surface. 

2 .  A  steel  probe  is  brought  into  contact  with  the 
surface  under  a  known  load. 

3.  The  probe  is  removed,  and  the  surface  is  inspec¬ 
ted  microscopically  for  fiber/matrix  debonding. 

4.  Successively  higher  loads  are  applied  on  the 
same  area  until  debonding  of  one  or  more 

fibers  is  observed,  or  a  new  area  may  be  used  for  each  test. 

As  indicated  in  Figure  1  in  two  dimensional  profiles, 
several  probe-tip  geometries  were  studied,  each  giving  a  dif¬ 
ferent  debonding  pattern.  The  axial  force  to  cause  debonding  is 
defined  in  different  ways,  depending  upon  the  probe  geometry. 

For  example,  some  tests  use  the  force  for  the  earliest  de- 
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tectable  debonding,  usually  a  single  fiber  or  two  fibers; 
tests  with  other  probes  use  the  development  of  debonding 
around  a  ring  of  6-7  fibers  as  the  critical  force.  The  choice 
of  probe  geometry  and  debonding  pattern  are  major  parameters 
in  this  exploratory  study-  Probes  were  produced  by  machining 
and/or  polishing  either  conventional  sewing  needles  or  drill 
rod  stock. 

Tests  were  conducted  in  a  Vickers  microhardness  tester 
which  was  altered  to  use  the  steel  probes.  The  loading  mech¬ 
anism  also  was  altered  to  allow  increments  of  one  gram  loads 
with  the  initial  load  from  the  apparatus  offset  by  a  C,ounterbal- 
ance.  Unless  otherwise  noted,  the  load  was  appliei^  to  the  spec¬ 
imen  for  45  seconds  at  each  step.  The  time  of  load  application 
has  an  effect  on  the  results,  but  was  not  systematically  studied 

The  material  used  for  most  of  the  study  was  Scotchply  Type 
1009  unidirectional  E-glass/epoxy  (3M  Co.),  1,3  mm.  thick.  Other 
tests  were  run  on  T3 00/52 08  graphite/epoxy  and  Kevlar  49  ar- 
amid/epoxy  with  an  unidentified  matrix.  Specimens  were  mois¬ 
ture  conditioned  by  soaking  in  distilled  water  at  various  tem¬ 
peratures,  followed  by  oven  drying  at  95°C  for  24  hours  (inclu¬ 
ding  unconditioned  controls) .  Then  the  specimens  were  potted 
in  a  polyester  compound  and  wet  sanded  and  polished  with  al¬ 
umina  following  standard  metallographic  procedures.  Micro¬ 
debonding  measurements  were  made  as  near  to  the  center  (mid¬ 
thickness)  of  the  specimen  as  possible  except  as  noted.  All 
testing  was  done  in  an  air-conditioned  laboratory  with  unconttol 
led  humidity.  The  number  of  test  replications  and  the  loading 
increments  will  be  discussed  later. 
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RESULTS  AND  DISCUSSION 


General  Test  Characteristics 

The  schematics  in  Figure  1  and  the  micrographs  in  Figure  2 
indicate  the  most  definitive  observation  of  the  study:  it  is 
possible  to  produce  controlled  fiber/matrix  debonding  by  load¬ 
ing  fibers  or  small  groups  of  fibers  on  the  polished  surface 
of  a  composite  specimen.  Any  fiber  or  region  can  be  selected 
by  viewing  in  a  microscope  and  then  loaded  in  increments  un¬ 
til  it  is  observed  to  debond ,  thus  providing  a  quantitative  measure 
of  its  resistance  to  debonding.  Interface  failure  is  the  first 
permanent  damage  observed  in  most  cases,  so  it  can  be  assumed 
that  debonding  occurs  under  conditions  approximating  elastic  be¬ 
havior.  This  might  not  be  true  if  more  ductile  resins  or  wet 
resins  were  used,  but  debonding  was  the  first  damage  observed 
for  all  cases  reported  here. 

Other  encouraging  results  are  given  in  Figures  3  and  4. 

Figure  3  indicates  that  the  test  can  be  applied  to  a  variety 
of  important  composites  (interpretation  of  the  relative  de¬ 
bonding  loads  will  be  discussed  later) .  Both  Figures  in¬ 
dicate  that  a  debonding  force  can  be  determined  with  accept¬ 
able  scatter,  and  that  results  are  reproducible  if  the  same  probe  is  used. 
The  probes  used  v^re  of  the  type  illustrated  in  Figure  Ic .  Each 
point  represents  loading  to  the  given  force  at  ten  positions  on 
the  specimen  surface.  No  damage  to  the  probes  could  be  observed 
in  a  scanning  electron  microscope  after  many  load  applications  in  this 
range.  Load  increments  of  one  gram  were  used  for  most  cases. 
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Comparison  of  the  glass/epoxy  data  in  Figure  3  with 
Figure  4  also  illustrates  the  most  difficult  prob¬ 
lem  with  the  test:  changing  the  probe  or  the  alignment  of  the 
apparatus  usually  shifts  the  range  of  debonding  forces,  al¬ 
though  the  relative  performance  of  different  materials  is  pre¬ 
served.  Thus,  results  for  a  number  of  cases  can  be 
compared  only  if  the  same  probe  and  apparatus  positioning  are 
used,  or  if  comparisons  are  indexed  to  a  standard  material. 
Overloading  of  the  apparatus  can  damage  the  probe  or  change  the 
alignment,  pa  one  probe  condition  is  difficult  to  preserve 
indefinitely. 

General  experience  with  the  probe  shapes  given  in  Figure  1 
(a-d)  is  as  follows  (fibers  are  approximatley  8ym  in  diameter 
and  serve  as  a  scale) : 

(la)  The  rounded  tip  similar  to  an  as-received  conven¬ 
tional  sewing  needle  can  be  used  to  produce  single 
fiber  debonding,  or  debonding  over  a  larger  domain 
if  higher  loads  are  used.  When  single  fiber  debon¬ 
ding  is  produced,  the  load  appears  to  be  distributed 
over  a  larger  domain  than  just  the  debonded  fiber, 
so  analysis  is  difficult. 

(lb)  The  flat  probe  is  produced  by  lapping  a  pointed 
drill  rod  on  a  fine  stone.  It  produces  debonding 
around  a  ring  at  its  periphery  but  requires  such 
precise  alignment  to  avoid  uneven  loading 

that  it  has  not  been  successful  in  practice. 
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(lc)  The  slightly  rounded  shape  produced  by  the  sand¬ 
ing  and  polishing  of  a  needle  embedded  in  resin 
gives  debonding  over  a  region  of  several  fibers, 
depending  on  the  force.  As  this  shape  approaches 
(lb),  the  debonding  occurs  around  the  periphery  only, 
but  alignment  becomes  more  difficult. 

(ld)  The  sharp  tip  produced  by  grinding  a  drill  rod  (Figure  Id) 
appears  to  give  good  results  for  single  fiber  de¬ 
bonding,  and  it  can  load  only  a  small  area 

at  the  center  of  the  fiber.  However,  the  debonding 
loads  are  less  than  one  gram  for  degraded  glass/epoxy, 
and  the  present  apparatus  cannot  function  accurately 
in  this  range.  A  new  one  is  under  develop¬ 
ment  and  it  should  provide  the  required  accuracy. 

This  type  of  loading  should  be  most  easily  an¬ 
alyzed  to  give  an  interfacial  shear  strength  if  the  de¬ 
bonding  load  is  known.  Alignment  should  also  be  less 
critical  for  this  probe. 

Moisture  Degradation 

The  microdebonding  resistance  was  determined  for  glass/ 
epoxy  specimens  which  had  been  conditioned  in  distilled  water 
at  several  temperatures.  The  specimens  were  dried  before  test¬ 
ing,  so  changes  in  debonding  resistance  represent  permanent 
degradation.  The  first  batch  of  material.  Batch  A,  was  con¬ 
ditioned  in  95°  C  water.  The  moisture  gain  is  indicated  in 

Figure  5,  as  is  the  moisture  loss  during  subsequent  drying  (con¬ 
ditioning  started  with  material  which  had  not  been  initially 
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oven  dried)  .  The  microdebonding  load  was  deter¬ 
mined  for  all  conditions  with  the  same  probe  and  alignment. 

The  probe  used  was  similar  to  Figure  1(c),  and  the  load  was 
that  required  to  consistently  produce  debonding  over  a  region  of  6-7 
fibers  near  the  mid-thickness.  Approximately  20  tests  were 
required  to  define  each  point.  The  debonding  strength  de¬ 
creased  with  log  exposure  time  in  an  approximately  linear 
fashion.  The  transverse  flexural  strength  measured  in  three- 
point  bending  following  ASTM  D-790  showed  a  trend  given  by 
the  dashed  line  on  Figure  5.  The  initial  drop,  followed  by  a 
flattening  trend  is  similar  to  that  reported  elsewhere  (5). 

The  second  drop  in  strength  was  associated  with  the  development 
of  discrete  cracking  regions  during  conditioning. 

A  second  batch  (B)  of  the  same  material  was  conditioned  in 
23,  60,  and  95°C  distilled  water,  dried,  and  tested  with  a  probe 
similar  to  Figure  1(a).  Figure  6  gives  the  moisture  gain  curves 
for  these  specimens,  and  Figure  7  gives  the  microdebonding  load. 
Approximately  20  tests  were  run  near  the  mid-thickness  for  each 
point,  to  determine  the  load  to  produce  debonding 
on  one  or  two  fibers.  The  trend  of  the  95°C  data  is  similar  to 
that  in  Figure  5  for  multi-fiber  debonding  with  a  different  probe 
geometry.  Much  less  loss  in  bond  strength  is  observed  for  the 
other  conditioning  temperatures,  at  which  specimens  do  not  ap¬ 
pear  to  approach  equilibrium  moisture  content  at  the  300  hour  maximum 
test  time.  The  local  moisture  content  near  mid-thickness  where 
the  tests  were  run  was  not  determined. 
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■  A  major  asset  of  the  microdebonding  test  is  the  use  of 
a  small  region  of  material  so  the  interface  condition  can 
be  determined  at  various  positions  through  the  thickness  or 
very  close  to  holes.  Figure  8  gives  the  variation  in  micro¬ 
debonding  strength  with  distance  through  the  thickness  for 
three  conditioning  times  of  Batch  A,  again  using  approximately 
twenty  tests  to  define  each  point.  As  expected,  the  gradient 
of  bond  strength  with  position  is  greatest  at  short  conditioning 
times,  with  less  difference  in  the  control  and  at  long  times, 
as  equilibrium  is  approached.  After  100  hours  conditioning, 
both  the  material  at  the  center  and  the  material  near  the  sur¬ 
face  have  decreased  to  approximately  45%  of  the  control  value 
at  that  point.  Thus,  the  degradation  of  the  bond  strength  at 
any  point  may  be  more  sensitive  to  the  maximxim  moisture  con¬ 
tent  reached  than  to  the  time  at  the  maximum  moisture  content. 
However,  more  work  is  required  to  establish  this  observation 
beyond  doubt. 

Discussion 

To  date,  the  results  obtained  with  the  microdebonding  test 
suggest  that  it  can  give  a  direct  measure  of  the  in-situ  inter¬ 
face  strength,  and  it  may  provide  significant  data  not  available 
from  other  tests.  An  unambiguous  interface  strength  property 
would  be  of  value  to  the  composites  industry  for  material  de¬ 
velopment,  quality  control,  research,  application  development, 
and  failure  analysis.  However,  a  number  of  refinements  and 
further  studies  are  necessary  before  the  test  can  be  considered 
reliable  and  valid. 
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The  most  pressing  requirement  is  for  a  probe  and  apparatus 

which  are  reliable  and  reproducible.  This  was 
discussed  earlier,  and  work  is  in  progress  to  develop  a  more 
sensitive  apparatus  using  the  probe  geometry  in  Figure  1 (d) . 
There  do  not  appear  to  be  any  fundamental  limitations  in  terms 
of  microscope,  load  measurement,  or  precision  movement  which  can¬ 
not  be  satisfied  by  standard  laboratory  equipment. 

If  if  can  be  performed  reliably  and  reproducibly ,  the  test 
will  be  of  use  even  if  the  debonding  load  is  all  that  can 
be  determined.  However,  an  analysis  which  could  give  the  in¬ 
terface  strength  as  a  function  of  the  debonding  load,  geometry, 
and  material  elastic  constants  would  make  the  test  even  more 
useful.  The  analysis  of  contact  problems  of  the  type  in  Figure  1  is- 
complex,  involving  changes  in  contact  area,  interaction  between 
probe  and  specimen  distortion,  and  singularities  both  at  the 
edge  of  the  contact  area  and  possibly  at  the  fiber/matrix  in¬ 
terface  on  the  surface.  Fiber  distribution  and  spacing  could 
also  be  important  if  discrete  fiber  and  matrix  regions  are  con¬ 
sidered  in  the  model. 

A  number  of  unpublished  finite  element  solutions  using  var¬ 
ious  assumptions  about  material  homogeneity  and  loading 
have  been  obtained.  While  simple  relationships  are  dif¬ 

ficult  to  identify  in  the  results,  it  is  clear  that  the  shear 
stress  along  the  interface  is  the  more  important  stress  com¬ 
ponent  since  the  stress  normal  to  the  interface  is  always  com¬ 
pressive.  Less  complex  results  may  be  forthcoming  from  the 
single  fiber  loading  scheme  in  Figure  1(d)  if  the  loading  oc¬ 
curs  over  a  small  area  near  the  center  of  the  fiber,  and  a 
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single  fiber  model  is  used,  ignoring  or  smearing  neighboring 
fibers.  Here  the  nature  of  the  local  contact  problem  at  the 
probe  may  not  dominate  the  stresses  at  the  interface  where 
failure  occurs.  Micromechanics  solutions  for  fiber  pull¬ 
out  or  fiber  ends  (8,9)  usually  give  an  interface  shear  stress 
which  is  proportional  to  the  fiber  axial  stress  and  to  the 
ratio  where  Gj^  is  the  matrix  shear  modulus  and  E.^ 

is  the  fiber  Young's  modulus.  Such  a  data  reduction  factor  may 
prove  justified  for  the  single  fiber  loading  case,  but  should 
not  be  applied  to  other  geometries  or  to  the  data  in  Figure  3. 

Another  complication  in  the  test  is  the  use  of  a  polished 
surface,  and  the  measurement  of  the  bond  strength  very  close  to 
the  surface.  Qualitative  experience  to  date  has  not  indicated 
that  sensitivity  of  the  test  to  surface  preparation  or  local 
moisture  gradients  due  to  surface  drying,  etc  are  a  major 
problem,  but  a.  systematic  study  of  these  effects  has  not 
been  made.  Residual  stress  effects  near  the  free  surface  are 
also  a  concern.  Micromechanics  analysis  of  similar  problems 
(10)  suggests  that  the  residual  interface  shear  stress  sihould  be 
relatively  low  compared  to  the  stress  normal  to  the  interface  ; 
the  normal  stress  is  of  less  concern  here  because  it  is  com¬ 
pressive  in  the  debonding  test. 

The  present  test  procedure  is  time  consuming  because 

the  load  is  applied  incrementally,  with  microscopic  ob¬ 
servation  at  each  step  to  detect  the  onset  of  debonding.  Un¬ 
fortunately,  the  debonding  event  does  not  change  the  stiff¬ 
ness  of  the  system  much  and  could  not  be  determined  from 
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a  load-deflection  curve.  Other  methods  of  detection  such  as 
electrical  or  ultrasonic  will  be  attempted  in  the  future.  The 
test  would  be  much  more  convenient  if  such  a  method  to  detect 
debonding  could  be  established,  so  the  load  could  then  be 
continuously  increased  in  a  single  test. 


CONCLUSIONS 

The  microdebonding  test  provides  a  direct  measure  of  the 
bond  strength  in  a  fiber  composite.  The  test  can  be  used  to 
determine  bond  degradation  during  moisture  exposure  as  well  as 
the  distribution  of  bond  strength  through  the  thickness.  A 
number  of  refinements  are  necessary  before  the  test  can  be 
used  to  give  precisely  defined,  reprodfucible  interfacial  shear 
strength  values,  particularly  for  materials  with  differing  elas¬ 
tic  properties. 
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